In terms of curies, these permissible levels seem at first glance to be very high in comparison to MPC levels for other radionuclides.
There are three reasons for this: first, there is a large amount of water in biological systems, in which ingested tritium can be diluted; second, there is no knoWn biological or physical reconcentrationmechanism; and third, the tritium betas have very low energy.
Tritium' s most important biological half--life seems to be about 8 to 10 days in humans ( 11 • 12 • 13 ) , which is similar to that of the gross
u ,_;; t)'
-5-water content of the body. There is evidence for a longer half-life (..;. 300 to 500 days)for afew percent of the tritium, but the contribution to the total dose of this component i~ uncertain.
Measurements of tritium are difficult mainly,because of the low energy of the triti'urn betas, which can be counted by only a few' of the many detectors sensiti~e to ionization energy loss. The discussion be-
iow is intended to point out the advantages and disadvantages of the various existing (or pl"o}!>osed) measuring systems for tritium .
. We ahall concentrate upon measurements in the air and water around nuclear reactors and their fuel-reprocessing plants. We do not intend to imply that tritium is not now a significant problem outsi'de oC · the reactor industry. Its use is increasing in medical and biological research as a tracer, and in industrial applications. A recent study(i 4 ) of tritium's use in luminous watch dials is interesting, if only because of its historical connection ·With the problem of the radium dial painters of several decades ago. A recent study of the United Kingdom(i 5 ) indicates that tritium is widely used in industry and that 11 the radiation doses received by some workers are not inconsiderable." What was found was that a few percent of the workers studied received doses less than but comparable with MPC levels. Background information on the use of tritium in biology and medicine can be found in a recent book.(ib)
We will consider four distinct measurement problem's: determinations in water, in air as HTO, inair as HT, and in urine. In turn, any of these (except that in urine) can be made in either environmental samples or process samples (water flow or gas stack). We shall attempt to discuss these various classes separately, where appropriate.
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Various interferences must be considered depe.nding on where~ when, and how the tritium concentration is being sampled or measured.
In the ga's phase around, {uel reprocessing plarits, the principal beta emitter b.esides tritium is 
· TRITIUM IN WATER
In water, tritium occurs primarily as HTO (tritiated water). It is also occasionally found in tritiated organic compounds dissolved or suspended' in water, but we shall not discuss the measurement of these cases except when their measurement is contained within the measurement of HTO itself.
As mentioned above, the maximum permissible concentration (c) In this solution, the optimum water content is about 1 ml water/ 4 ml solution. There are two competing processes here, namely that additional water increases quenching at the same time that it increases the proportion of water which contains the activity . . ,j ..t)
.,.,. :
-11-samples. The problem is that the addition of a standard can change the counting efficiency, due to differences in quenching. This problem can be overcome by the addition of a very small (microliter) amount of a high-activity standard to a previously counted sample, but accurate measurements of small size samples, usually made gravimetrically, are difficult and tedious . Residence time was less than two minutes in the test, and the total response peak is over in about 4 minutes, as seen in Figure 3 . The efficiency for detection of the tritium beta is 32o/o. The sample flow rate is 0.5 ml/minute, and the minimum detectable tritium concentration is about 25 pGi/ml. This system shows great promise for the continuous monitoring of tritium in flowing water. Its main drawback is I the high operating cost from consumption of liquid scintillator: at 7
·.-.·· ··:
., ·~.tl' -13-ml/minute e·· 10 liters/day), the annual cost of liquid scintillator can be in the range of $ 9000 to $15,000 ($ 3 to $ 5 per liter).
c. Urinalysis·
The rriost common procedure for the determination of tritium body burde~ is radioassay of tritium (as HTO) in urine. Chronic exposure of workers to air containing HTO vapor at 'the A. E. C. recom- 
,,.J•:.
'.J -15-and second, the liquid systei:n can be expensive due to consumption of large amounts of the organic solvents and solutes, which must be disposed of after use.
One needs a high surface-to-volume ratio, and the early systems used small crystals of anthracene. More recently, various kinds of detectors u,sing thin sheets or layers of anthracene or plastic sCintillator spread over lucite (for light piping) have been described. Figure 4 shows one _such detector ( 39 ) , in which 100 rods of lucite are coated with anthracene powder. The counter can detect 1000 pCi/ml of water at a rate of 10 cpm. To measure urine, the sample must be decolored by passage over a charcoal column. The response to tritium in air is 20 .
cpm for 1 pCi/ cm 3 of air. In an unshielded laboratory environment, the normal external background gamma levels were at about 30 cpm. 
TRITIUM INAIR
In air, tritium occurs primarily in two forms: as water vapor (HTO) and as hydrogen· gas (HT). Tritiated organic compounds in the vapor phase and on particul~te matter also occur occasionally.
There are two common approaches to measurements in air: first, one can use an ionization chamber or gas proportional counter with filtered·air introduced for internal counting; the tritium betas produce ionization within the sensitive chamber volume. This method is sensitive to tritium in all of its gaseous chemical forms. Secondly, HTO vapor can be removed from the air with a bubbler or with some dessicant such as silica gel or a molecular sieve, and the resulting tritiated water counted using one of the liquid or plastic scintillation techniques. To measure tritium as HT or in tritiated organics, it is possible to burn the gas, converting the tritium to HTO before dessication and counting.
We shall discuss each of these methods in turn.
A. Ionization Chambers
The earliest tritium detector for stack eHluent measurements was (41 42 43 A 40-liter chamber of this design has a minimum detectable limit (2a)
for tritium at levels as low as about 1 pCi/ 
II (49)
tion (tritium +noble gases minus noble gases) can be accomplished.
Waters( 5 0), in a review of general problems with ion chambers,
reports that factors such as cigarette smoke, ions, aerosols, humidity, and memory effects can also cause erroneous readings in ion chambers.
He suggests the use of a micron pore size filter followed by an electrostatic precipitator. Also, materials such as rubber and some plastics ( 51 ) are particularly susceptible to absorption of tritiated water vapor, causing a low reading; later re-emission or exchange with ordinary water vapor then produces an error in subsequent measurements. Waters reports that: "Teflon is satisfactory but is difficult to use because of its tendency to cold-flow under pressure."
For monitoring tritium in air, the ionization chamber is undoubtedly the most. commonly used instrument. Portable flow-through instrumenta of various sizes (typically with about 1 liter chamber volumes)
have been a mainstay in health physics despite the problems discussed.
Perhaps the most sophisticated instrument of this type is the 
B. Proportional Counters
The gas proportional counter differs from the ionization chamber mainly in two respects: it is a pulse counting instrument, and it requires a particular filler gas to which the sample of (tritiated) air is added. It offers an advantage over the ion chamber in that energy discrimination is possible by electronic discriminating on the output pulse height, whose size is proportional to the energy deposited. The essensial disa~vantage of the gas proportional counter is the continual -20-consumption of counting gas,' which is discarded after being mixed with the tritiated sample and counted.
Driver ( 53 ) built a tritium counter oi this type as early as 19 56.
More recently, Ehret( 54 ) has achieved a minimum deteCtable concentration (2u) of 0.1 pCi/ cm 3 of air, using a chamber of about 11iter volume with methane as the counting gas,· to which is added 20 to 30o/{i air. Osborne( 4 S) has also described a method in which the bubbler can be tied onto a tritium-in-water liquid scintillation detector for continuous monitoring.. Many elements of this system would then be very similar to that described above in the discussion on "Tritium in Flowing Water."
E. Combustion for HT Determinations
Techniques have been developed for the separate determination of tritium in air as HTO (water vapor) and HT gas. We shall discuss two different techniques here.
Griffin et al. (SS) have determined HTO and HT separately, using
a technique whose flow train is shown in Figure 6 . Because HT (or Hz) in the gas to be measured is present at very small levels, tritium-free Hz gas is added as a carrier. The moisture (including HTO) is then removed in Air Dryer #1, consisting of Drierite-brand anhydrous calcium sulfate in Plexiglas cylinders.< 59 ) The dry gas is combusted in a catalytic burner: all combustable compounds are oxidized with the help of a 0.5% platinum on 3 -mm diameter aluminum oxide pellets, at a· temperature of 400° C maintained by a heating jacket. Not only HT, but also tritiated organics (such as CH3T, etc.), are converted to HTO in this step.
,, One difference between the two techniques is that Ostlund's is better adapted to single measurements, while Griffin's is designed for continuous, long-term sampling followed by batch analysis. of the integrated activity. Also, because in Ostlund' s technique the catalyst base molecular sieve is. also the desiccant, there is not a problem with contamination and "memory" which might exist in the other technique.
Either technique can perform independent measurements of HTO and HT in air, a significant advantage.
ENRICHMENT TECHNIQUES
Most measurements of tritium in environmental samples ordinarily do not require an enrichment step prior to counting. However,
II I
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-25-techniques for tritium enrichment have been developed for those special cases ·in which tritium levels are extremely small. One example is in geological research, where studies have been made of underground natural waters whose ages are so great (many thousands ofyears) that tritium levels are minute ( < 10-3 pCi/cm 3 ). Here we will not attempt to do more than summarize some of the important work in the field of enrichrrient.
Among the procedures used to enrich tritium in water samples are electrolysis, thermal diffusion, and chromatography. Hoy( 62 ) has developed a chromatographic system in which a palladium column is · heated; tiritiurn diffuses through the column faster than does normal hydrogen, and the first gas evolved is tritium-enriched. Tritium recovery of about 60% was obtained in the first 500 ml of gas evolved, and with a 30-minute counting period a T:H ratio of 10-17 could be measured with ± 41% (10') error. Perschke( 63 ) was able to enrich tritium up to 40 times with 100% tritium recovery, using gas solid chromatography on metal sieves.
Another approach is electrolysis. When water is electrolysed, hydrogen is given off more readily than tritium; the relative loss rate can be as high as 35:1, varying with electrode material, . . surface conditions, electrolyte, and temperature. Hartley ( 64 ) has done a detailed analysis of the parameters involved in electrolytic procedures.
Ostlund( 6 . 5 ) has achieved enrichments in the 10 2 region by a series of successive electrolytic stages.
Thermal diffusion is another method used for tritium-hydrogen separation ( 66 ) but it is complicated and time consuming.
-26-For further information on enrichmen_t techniques, the interested reader is referred to the references cited.
SUMMARY
Three important numbers determine the sensitivity required of instruments for measuring tritium in environmental media. These are : .)· ' .,() )';.) 0 ") . . . .
-. 
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